Abstract: Three new species of Candida are described that were determined to be genetically isolated from all other currently accepted ascomycetous yeasts based on their sequence divergence in the species-variable Dl/D2 domain of large subunit (26S) ribosomal D A. One of the species was isolated from an ambrosia beetle, whereas the other two were from the frass of wood-boring beetle larvae. The new species and their type strains are the following: Candida ontarioensis RRL YB-1246 (CBS 8502), Candida tammaniensis RRL Y-8257 (CBS 8504), and Candida trypodendroni RRL Y-6488 (CBS 8505).
Introduction
In an examination of unidentified yeasts maintained in the Agricultural Research Service Culture Collection (NRRL) , three groups of strains were detected that showed distinctive cellular morphology. Despite their unique morphology, these isolates were similar to known species on the basis of their responses on the standard fermentation and assimilation tests used for yeast identification (Wickerham 1951; Yarrow 1998) . However, molecular studies have shown that it is often difficult to identify yeasts from physiological tests or from appearance (Kurtzman 1984; Kurtzman and Robnett 1995; Mendonc; a-Hagler and Phaff 1975; Price et al. 1978) , and because of these findings, molecular comparisons are increasingly used in yeast systematics. Peterson and Kurtzman (1991) and Kurtzman and Robnett (1991 , 1998 demonstrated that the nucleotide sequence of the Dl/D2 domain at the 5' end of large subunit ribosomal D A (rD A) is sufficiently variable to separate nearly all known ascomycetous yeast species. In most cases, strains showing greater than 1% substitutions in this domain have proven to be separate species when compared with species determinations made from genetic crosses and from nuclear D A relatedness. D 1/D2 domain sequences are now available for all known ascomycetous yeasts (Kurtzman and Robnett 1995 , 1998 , and a comparison of sequences from the three unidentified yeasts has demonstrated that they are new species, which we describe here.
Materials and methods

Organisms, isolation procedures, and fermentation and assimilation tests
Strains of the new species described are listed in Table 1 , and all are maintained in the Agricultural Research Service Culture Collection ( RRL), National Center for Agricultural Utilization Research, Peoria, Ill. Strains represented by RRL YB-1246 were isolated by LJ. Wickerham in 1949 and 1950 from frass of unidentified wood-boring insect larvae that inhabited spruce trees growing in Ontario and Wyoming. Frass was placed in 25-mL test tubes containing 10 mL of Wickerham's isolation medium (Wickerham 1969) and incubated without shaking for 3 days at 25-28°C. A loopful of cells from each tube was streaked onto a petri plate of yeast extract -malt extract -peptone -glucose (YM) agar (Wickerham 1951) , incubated for 3 days at 25°C, and representative colonies were selected. RRL Y-8257 was isolated by C. P. Kurtzman from frass in insect tunnels of a standing rotted oak at Honey Island Swamp, St. Tammany Parish, La., in 1976. The frass sample was placed in a test tube containing 5 mL of glucoseyeast nitrogen base (Wickerham 1951) supplemented with 10 ppm tetracycline and incubated on a roller drum for 3 days at 25°C. Growth from the tube was streaked onto a petri plate of YM agar and a representative colony was selected. NRRL Y-6488 was iso- Wickerham (1951) and Yarrow (1998) , except that assimilation tubes were agitated on a reciprocal shaker at 25°C for the 4-week incubation period.
rD A sequencing and sequence analysis Methods for nuclear D A isolation, amplification of rD A Dl/D2 domain by the polymerase chain reaction (PCR), and sequencing with the ABI TaqDye Deoxy Terminator Cycle sequencing kit and ABI Model 377 automated D A sequencer (Applied Biosystems Inc., Foster City, Calif.) were previously described (Kurtzman and Robnett 1997) .
Sequence data were visually aligned with QEdit 2.15 (SemWare, Marietta, Ga.). Phylogenetic relationships were calculated with a Power Macintosh 8500/120 by the maximum parsimony program of PAUP 3.1.1 (Swofford 1993) with the simple heuristic search option. Relationships were further analyzed by the neighbor-joining program of PAUP 4.0d47 (D.L. Swofford, unpublished data) with the Jukes-Cantor distance measure. Schizosaccharomyces pombe was the designated outgroup in all analyses. Confidence limits for phylogenetic trees were estimated from bootstrap analyses (1000 replications). The nucleotide sequences analyzed in this study have been deposited with GenBank under the accession numbers shown in Table 1 . Sequences for the type strains of reference species included in phylogenetic analyses were previously reported (Kurtzman and Robnett 1995 , 1998 .
Results
The D l/D2 rD A sequences from strains of the proposed three new species differed significantly from each other and from all other known ascomycetous yeasts (Kurtzman and Robnett 1995 , 1998 . The relationships of these three new taxa with other species are shown in Figs. 1 and 2 . Because the new species, which exhibit multilateral budding, were not observed to produce ascospores, they are being assigned to the anamorphic genus Candida. Kurtzman & Robnett, sp.nov. In agaro malti post dies 3 ad 25°C, cellulae vegetativae globosae, 2.3-5.5 /lm, ellipsoideae aut elongatae (2.0-5.5) x (2.5-7.5) /lm, singulae, binae, aut in catenis brevis. Fiunt pseudohyphae et hyphae verae cum endosporis. In agaro morphologico post dies 7 ad 25°C, incrementum fuscum pallidum, hebes, butyrosum aut mycelialis; centrum coloniae sublatum; margo glabro vel undulato.
Candida ontarioensis
Ascosporae non fiunt. Glucosum, galactosum, sucrosum et trehalosum fermentantur. Maltosum, lactosum et raffinosum non fermentantur.
Assimilantur glucosum, galactosum, sucrosum, maltosum, cellobiosum, trehalosum, lactosum, raffinosum, melezitosum,
salicinum, D-gluconas, acidum succinicum, acidum citricum, hexadecanum et cadaverinum. on assimilantur L-sorbosum, melibiosum, inulinum, L-rhamnosum, methanolum, galactitolum, 2-keto-D-gluconas, 5-keto-D-gluconas, saccharas, DL-acidum lacticum, inositolum et potassii nitras. Amylum non formatur. Vitarninae extemae ad crescentiam necessaria sunt. Gelatinum non liquescit; esteres non fiunt; pellicula fiunt. Augmentum non fiunt in temperatura 37°C.
Typus: RRL YB-1246 (CBS 8502), designat stirpem typicam. Isolata a dejectus coleopterorum in Picea sp., Franz, Ont., Canada, depositata in Collectione Culturarum ARS (NRRL), Peoria, Ill., U.S.A. 
Description of Candida ontarioensis
Growth on 5% malt extract agar After 3 days at 25°C, the cells are spheroidal, 2.3-5.5 11m, to ellipsoidal or elongate (2.0-5.5) x (2.5-7.5) 11m, and occur singly, in pairs, and in short chains (Fig. 3) . Budding is multilateral. Growth is tannish-white, dull, and butyrous.
Dalmau plate culture on morphology agar
After 7 days at 25°C, pseudohyphae and true hyphae are formed under the coverglass (Fig. 4) . Aerobic growth is dull, tannish-white, butyrous to mycebal, and flat with a slightly raised center. The margin is entire to broadly lobed. The odor is faintly acidic.
Growth on the surface of assimilation media
Pellicles are formed.
Presence of endospores
True hyphae often form abundant endospores on 5% malt extract and YM agars after 10 days at 25°C (Fig. 5) . 
---------------------------Schizosaccharomyces pombe
Examination for the presence of an ascosporic state Ascospores were not detected in cultures of the four known strains of C. ontarioensis, or in mixtures of the four, when grown for up to 2 months on 5% malt extract agar or YM agar at 15 and 25°C.
Fermentation and assimilation tests
Reactions on the fermentation and assimilation tests commonly used in yeast taxonomy are given in Table 2 .
Source of cultures
Strains NRRL YB-1231, NRRL YB-1246, and NRRL YB-1247 are from frass collected in August, 1949 from tunnels of insect larvae in dead spruce trees (Picea sp.) at Lake Wabatongushi, near Franz, Ont., Canada. NRRL YB-2182 (CBS 8503) is from frass collected in August, 1950 from insect tunnels in an Engelmann spruce (Picea engelmannii Parry) in mountains near Laramie, Wyo., U.S.A.
Type
NRRL YB-1246 (CBS 8502), preserved as a lyophilized preparation in the Agricultural Research Service Culture Collection (NRRL), Peoria, TIl., U.S.A.
Etymology
The name ontarioensis refers to the province of Ontario, Canada, the source for most known strains of this species.
Comments
Candida ontarioensis is characterized by formation of endospores in hyphal cells. The endospores are spheroidal to ellipsoidal and may number up to 20, in long hyphal cells. The species key of Payne et al. (1998) identifies C. ontarioensis as Candida entomophila, but a comparison of responses on commonly used physiological tests shows that the two species differ in raffinose fermentation and in the assimilation of L-sorbose, melibiose, soluble starch, and hexadecane. Phylogenetic analysis of Dl/D2 sequences indicates C. ontarioensis to be most closely related to Candida homilentoma and C. entomophila (Fig. 1) , but the two species differ from C. ontarioensis by 18 and 21 % nucleotide substitutions, respectively.
Candida tammaniensis Kurtzman & Robnett, sp.nov.
In agaro malti post dies 3 ad 25°C, cellulae vegetativae globosae, 2.0-6.0 /lm, aut ellipsoideae (1.3-4.0) x (2.0-6.0) /lffi, . Candida ontarioensis, RRL YB-1246. Fig. 3 . Budding yeast cells, grown on 5% malt extract agar, after 3 days at 25°C. Fig. 4 . True hyphae with clusters of blastoconidia at septa after 3 weeks at 25°C on YM agar. Fig. 5 . Endospores in a hyphal cell on YM agar after 3 weeks at 25°C; note endospore division by budding (arrow). Scale bars = 5 Jlm.
singulae, binae, aut in catenis aculeatus brevis. Pseudohyphae fiunt, hyphae verae numquam. In agaro morphologico post dies 7 ad 25°C, incrementum fuscum pallidum, nitens, butyrosum; centrum coloniae sublatum; margo glabro vel undulato.
Ascosporae non fiunt. Glucosum, galactosum et trehalosum fermentantur. Sucrosum, maltosum, lactosum et raffinosum non fermentantur.
Assimilantur glucosum, galactosum, sucrosum, maltosum, cellobiosum, trehalosum, melezitosum, o-xylosum, L-arabinosum, o-arabinosum, o-ribosum, L-rhamnosum, o-glucosaminum, N-acetyl-o-glucosaminum, ethanolum, glycerolum, erythritolum, ribitolum, o-mannitolum, o-glucitolum, a-methyl-o-glucosidum, salicinum, o-gluconas, 2-keto-o-gluconas, oL-acidum lacticum, acidum succinicum, acidum citricum, hexadecanum et cadaverinum. Non assimilantur L-sorbosum, lactosum, melibiosum, raffinosum, inulinum, amylum solubile, methanolum, galactitolum, 5-keto-o-gluconas, saccharas, inositolum et potassii nitras. Amylum non formatur. Vitaminae externae ad crescentiam necessaria sunt. Gelatinum non liquescit; esteres non fiunt; pellicula fiunt. Augmentum non fiunt in temperatura 3rc.
Typus:
RRL Y-8257 (CBS 8504), designat stirpem typicam. Isolata a dejectus coleopterorum in Quercus sp., Paroecia St. Tammany, La., U.S.A., depositata in Collectione Culturarum ARS ( RRL), Peoria, TIL, U.S.A.
Description of Candida tammaniensis Growth on 5% malt extract agar
After 3 days at 25°C, the cells are spheroidal, 2.0-6.0 /lm, to ellipsoidal (1.3-4.0) x (2.0-6.0) /lm, and occur singly or in pairs. Budding is multilateral. Growth is tannish-white, semi-glistening, and butyrous. In addition to the preceding 5 cellular morphology, small, pseudohyphal-like aggregates of cells with an aculeate shape are present. These aculeate cell clusters may be single or joined basally in twos and threes (Figs. 6-8) .
Growth on the surface of assimilation media
Pellicles are formed on some media.
Dalmau plate culture on morphology agar
After 7 days at 25°C, moderately branched pseudohyphae ( Fig. 9 ) with abundant blastoconidia are formed under the coverglass, but true hyphae are not present. Aerobic growth is glistening, tannish-white, butyrous, and raised but with a slightly depressed center. The margin is entire or rarely lobed. The odor is faintly acidic.
Examination for the presence of an ascosporic state
Ascospores were not detected in cultures of C. tamanniensis, when grown for up to 2 months on 5% malt extract, YM, V8, Gorodkowa, corn meal, or RG agars, with incubation at 15 and 25°C (see Yarrow (1998) for composition of media).
Fermentation and assimilation tests
Source of culture
NRRL Y-8257 was isolated from frass collected in June, 1976 from an insect tunnel in a standing dead oak tree (Quercus sp.), Honey Island Swamp, St. Tammany Parish, La., U.S.A. 
Inulin
Soluble starch Type NRRL Y-8257 (CBS 8504), preserved as a lyophilized preparation in the Agricultural Research Service Culture Collection (NRRL), Peoria, Ill., U.S.A.
Etymology
The name tamanniensis refers to the collection site, St. Tammany Parish, La., U.S.A.
Comments
In culture, C. tammaniensis is easily recognized microscopically by the presence of short aggregates of cells that have a needle-like shape. These aggregates may occur singly or in groups of two or three. The species key of Payne et al. (1998) identifies C. tammaniensis as either Pichia nakazawiae var. nakazawiae or Pichia stipitis. When comparing standard physiological properties , C. tammaniensis differs from the former species in maltose fermentation and by its assimilation reactions on L-sorbose and soluble starch; it differs from the latter species on maltose fermentation and soluble starch assimilation. The phylogenetic analysis presented in Fig. 2 shows C. tammaniensis to be most closely related to Candida membranifaciens and Candida friedrichii, differing from each by 4% nucleotide substitutions (23 nucleotides).
Candida trypodendroni Kurtzman & Robnett, sp.nov.
In agaro malti post dies 3 ad 25°C, cellulae vegetativae globosae, 2.0-6.0 /lm, ellipsoideae aut elongatae (1.5--4.0) x (1.8-10.0) /lm, singulae vel binae. Fiunt pseudohyphae et hyphae verae. In agaro morphologico post dies 7 ad 25°C, incrementum fuscum pallidum, semi-nitens, butyrosum; centrum coloniae sublatum; margo undulato.
Ascosporae non fiunt. Glucosum, galactosum, sucrosum, maltosum, lactosum, raffinosum et trehalosum non fermentantur.
Assimilantur glucosum, galactosum, sucrosum, maltosum, cellobiosum, trehalosum, melezitosum, D-xylosum, L-arabinosum, D-arabinosum, D-ribosum (variabile), L-rharnnosum, N-acetyl-D-glucosaminum, ethanolum, glycerolum, erythritolum, ribitolum, D-mannitolum, D-glucitolum, a-methyl-Dglucosidum, salicinum, D-gluconas, 2-keto-D-gluconas, acidum succinicum, acidum citricum, et cadaverinum. Non assimilantur L-sorbosum, lactosum, melibiosum, raffinosum, inulinum, amylum solubile, D-glucosaminum, methanolum, galactitolum, 5-keto-D-gluconas, saccharas, DL-acidum lacticum, inositolum, hexadecanum et potassii nitras. Amylum non formatur. Vitaminae externae ad crescentiam necessaria sunt. Gelatinum non liquescit; esteres non fiunt; pellicula fiunt (variabile). Augmentum non fiunt in temperatura 3rC.
Typus: NRRL Y-6488 (CBS 8505), designat stirpem typicam. Isolata a coleopterorum, Victoria, B.C., Canada, depositata in Collectione Culturarum ARS (NRRL) , Peoria, Ill., U.S.A.
Description of Candida trypodendroni
Growth on 5% malt extract agar
After 3 days at 25°C, the cells are spheroidal, 2.0-6.0 /lm, ellipsoidal or elongate (1.5--4.0) x (1.8-10.0) /lm, and sometimes tapered (Fig. 10) . They occur singly or in pairs. Budding is multilateral. Pseudohyphal cells are also present, as are individual cells with germtube-like extensions (Fig. 11) . Growth is tannish-white, dull and butyrous.
Growth on the surface of assimilation media
Dalmau plate culture on morphology agar
After 7 days at 25°C, pseudohyphae with infrequent blastoconidia are formed under the coverglass (Fig. 12) . True hyphae are absent after 7 days on morphology agar, but they are occasionally present on 5% malt extract and YM agars after 10 days at 25°C (Fig. 13) . Aerobic growth is semi-glistening, tannish-white, butyrous, and raised but with a slightly depressed center. The margin is finely lobed. A faintly acidic odor is present.
Examination for the presence of an ascosporic state
Ascospores were not detected in cultures of C. trypodendroni when grown for up to 2 months on 5% malt extract agar or YM agar at 15 and 25°C.
Fermentation and assimilation tests
Source of cultures
NRRL Y-6488, from the ambrosia beetle Trypodendron lineatum, was isolated in February, 1962, Victoria, B.C., Canada. NRRL Y-6487 represents a smooth, glistening form, and NRRL Y-6489 is a mycelial form; both are from NRRL Y-6488.
Type
NRRL Y-6488 (CBS 8505), preserved as a lyophilized preparation in the Agricultural Research Service Culture Collection (NRRL), Peoria, Ill., U.S.A.
Etymology
The name trypodendroni refers to the source of isolation, from the ambrosia beetle, Trypodendron lineatum. C. trypodendroni differs from its nearest neighbors (Fig. 2) by 2% nucleotide substitutions.
Discussion
Molecular comparisons have provided the first quantitative assessment of genetic distances among yeast taxa. Measurements of nuclear DNA complementarity have given a baseline for understanding species diversity, ·but resolution from this method extends no further than to the level of sister species (Kurtzman and Phaff 1987) . Analysis of gene sequences offers the opportunity to extend the range of genetic resolution. Peterson and Kurtzman (1991) and Kurtzman and Can. J. Microbial. Vol. 44, 1998 Figs. 10-13. Candida trypodendroni, NRRL Y-6488. Fig. 10 . Budding yeast cells, grown on 5% malt extract agar, after 3 days at 25°C. Fig. 11 . Cells with germtube-like outgrowths grown on 5% malt extract agar, after 5 weeks at 25°C. Fig. 12 . Pseudohyphae on Dalmau plate culture, yeast morphology agar, after 7 days at 25°C. Fig. 13 . True hyphae grown on YM agar after 8 weeks at 15°C. Scale bars = 5 11m.
- Robnett (1991 Robnett ( , 1995 Robnett ( , 1997 Robnett ( , 1998 found that sequences of the 600-nucleotide D 1/D2 domain at the 5' end of large subunit rDNA are sufficiently variable to resolve nearly all known ascomycetous yeasts and to determine close phylogenetic relationships. Strains that differ by no more than three substitutions (0.5%) are generally conspecific, whereas strains with six (1 %) or greater substitutions are separate species, as assessed from genetic crosses and nuclear DNA reassociation experiments. A few exceptions have been found. Several closely related species pairs, such as Saccharomyces bayanus/Saccharomyces pastorianus and Pichia stipitis/Pichia segobiensis have identical or nearly identical Dl/D2 sequences. Conversely, three strains of Williopsis californica have been detected that differ from the type strain by 5-6 nucleotides (1 %), although these nucleo-tide differences are contiguous deletions rather than the relatively random substitutions ordinarily observed between strains of different species (Kurtzman and Robnett 1998) . One further exception concerns the mating types of Metschnikowia agaves, which differ from one another by five random substitutions (Kurtzman and Robnett 1998) . Consequently, despite the relatively high reliability of the preceding predictions, the relationship of strains showing 1% or fewer substitutions needs to be verified by a second method, such as genetic crosses or the measurement of nuclear DNA complementarity. Nonetheless, the recent completion of the D I/D2 nucleotide data base comprising sequences for all known ascomycetous yeasts has provided a powerful diagnostic tool for strain identification when used in the context just discussed (Kurtzman and Robnett 1995 , 1998 , and this data base has provided the means for the recognition of the three new species of Candida described here.
Phylogenetic resolution of taxa from Dl/D2 sequences is weak when the distance extends beyond relatively closely related species, much as is the case for relationships determined from small subunit (I8S) rDNA sequences (James et al. 1997) . Candida tammaniensis and C. trypodendroni are located in a clade of closely related species (Fig. 2) , and their phylogenetic placement is well supported. In contrast, C. ontarioensis is quite divergent and its relationship with other species is only weakly predicted from the analysis of Dl/D2 sequences (Fig. 1) . Consequently, additional informative gene sequences are needed before yeast systematics can be based on a strongly supported phylogenetic framework.
